Introduction
Achieving the goal of personalized medicine, by incorporating an individual's fully interpreted diploid genome sequence into their electronic medical record, will require the application of multiple methodologies to describe the combined hereditary vulnerabilities and protective defenses which are of clinical relevance to that individual. The initial data gathering exercise requires the application of advanced sequencing technologies (Next Generation Sequencing, NGS), improved copy number variant detection using arrays and sequencing, as well as the development of standards for genotyping from genomic data, but will also require automated methods of genome sequence analysis. Given the large number of diseases currently known to have a causal genetic basis (whether exhibiting Mendelian or complex inheritance) that have been mapped to speciWc gene loci [4,012 diVerent genes collated in the Human Gene Mutation Database, HGMD ® , http://www.hgmd.org; March 2011 ] and the large number of variants shown to be associated with these disease states [110,772 diVerent variants logged in HGMD ® , March 2011 ], the associated genotypic and phenotypic information should be presented in a disease-speciWc context in order to be utilized eVectively. However, automated methods for comprehensive genetic analysis with interpretation and reporting of clinically relevant results for multiple individual genomes are yet to be described.
Early in 2010, the Wrst example appeared of a clinical case report that included a personal genome analysis (Ashley et al. 2010 ); more are now following apace. However, the methods employed for individual analysis and interpretation in the above example would be very costly to apply to hundreds or even thousands of individual genomes. This conundrum has been well articulated by Mardis in her recent editorial, "The $1,000 genome, the $100,000 analysis" (2010) . In addition, across the many individual genome sequences and analyses published to date, 2-3 million variants are consistently identiWed in each individual genome examined, while only a handful of those variants reported in these studies are likely to have clinical impact; clearly comprehensive analysis, in which the full spectrum of identiWed variants are placed into their biological context, has not yet been achieved.
Currently employed DNA analysis pipeline methods allow for the comparison of a test genome sequence against the reference human genome sequence from which variants can be readily identiWed. However, these methods do not support the partitioning of these identiWed variants and their respective genes into pathways where their combined impact can be assessed comprehensively. Also lacking are validated collations of subsets of related genes supporting comprehensive genetic analysis of targeted biological systems in individual genome sequences. In addition, there are no automated methods that interrogate the scientiWc literature for the current state of knowledge of the pathogenic or benign nature of variants that have been previously studied. Thus, the present state of interpretation of the impact of the readily identiWed variants found in a novel individual genome sequence is presently a rather laborious, manual and incomplete process, which limits the reach of these whole-genome analyses. As we enter a new era in which the comprehensive dissection of the genetic contribution to diseases with complex inheritance is now feasible, these become compelling requirements and represent an area where signiWcant advances must occur before wholegenome sequencing can deliver on its potential for broad clinical application.
In this review, we have initiated the process of compiling the requisite information to develop a software system capable of the comprehensive, automated analysis of an individual genome with respect to the genes that comprise the "Hemostaseome," the genetic repertoire responsible for hemostasis and thrombosis. This gene set encodes the proteins required for normal hemostasis and hence, by implication, the proteins underlying a variety of diVerent bleeding and thrombotic disorders. These genes/proteins may also inXuence, albeit indirectly, various cardiovascular and other diseases that are complicated by thrombosis. The gene set includes the presently characterized genes in the human genome that are known to encode proteins with functions in hemostasis, or which yield bleeding or thrombotic phenotypes when mutated. Here, we (i) compile the relevant gene set by reference to the scientiWc literature, (ii) review the current knowledge base that supports each gene's inclusion in the Hemostaseome, (iii) collate the gene mutations and polymorphic variants in genes already known to be associated with hemostatic or thrombotic disease and (iv) propose, on the basis of recently published data, that copy number variations involving these genes are very likely to play an important accessory role in modulating the hemostatic balance at the level of the individual. This eVort has been undertaken to lay the foundation for the development of a prototype software system that will support such an in-depth analysis, the focus of our current work that will be the subject of a future report.
Although concerns have been expressed that such an attempt at comprehensive genetic analysis of wholegenome sequence may simply result in the advanced study of the 'incidentalome' (Kohane et al. 2006 ), the potential for such studies to stratify patients with signiWcant hemostatic disease more accurately into speciWc treatment classes by comprehensively characterizing their individual genetic repertoire seems to provide ample justiWcation for the pursuit of this ambitious goal. Moreover, a comprehensive, all-inclusive approach has the potential to reveal the complex interplay of heritable variants within a biological system. It is currently quite impossible to predict whether the repertoire of hereditary variants in individuals with thrombotic or bleeding disorders will be quantitatively or qualitatively diVerent from those of healthy controls. It may well be that reWned models will be required to distinguish individuals in whom hemostasis is chronically out of balance (due to hereditary factors) from those in whom potentially deleterious variants are present but fail to shift the hemostatic balance suYciently to cause disease. It is also possible that, when considering the entirety of an individual's genome sequence, clinical signiWcance will simply not be discernible against the background noise of polymorphic variation. This notwithstanding, distinguishing these diVerent possibilities will necessarily require automated tools, since the required studies cannot be completed using current manual methods of analysis owing to the laborious nature of the task. We therefore seek to develop automated approaches that should provide clinically relevant interpretation of individual genome data within a systems context. By reducing the scope of the query to a single gene set, the feasibility of developing automated systems becomes greater. Hence, the foundations can be laid to allow the future goal of fully automating the comprehensive reporting of clinically relevant genomic data on an individual basis to be realized.
Hemostasis and thrombosis as a pilot biological system for genomic analysis We selected the "Hemostaseome" as the pilot biological system for automated genetic analysis because of its advanced state of functional characterization (at genetic, biochemical, molecular and cellular levels), and also because of the broad clinical applicability of the results. Thus, for example, the availability of an automated method to assess comprehensively the genetic status of the Hemostaseome can be (i) applied to investigate the full repertoire of genes that can inXuence anticoagulant (warfarin) dosing, (ii) used to characterize the combination of hereditary factors present when recurrent thrombotic events occur in patients with thrombotic disease, and (iii) employed to determine the full proWle of genetic variants in individuals with clinically signiWcant bleeding disorders. Comprehensive assessment of variant status in an individual may provide the opportunity to determine the net eVect on the hemostatic balance of multiple genetic variants with potentially opposing (or synergizing) eVects. Within the context of whole-genome medicine, such approaches are likely to provide a much more detailed and potentially informative view of the hemostatic balance in a given individual than conventional laboratory phenotypic tests such as the activated partial thromboplastin time or prothrombin time.
Given that over 2 million patients initiate warfarin treatment each year in the USA (see Daly 2009 for review), and that over 2.5 million US women with menorrhagia are estimated to have underlying bleeding disorders (ACOG Committee Opinion 2009; National Hemophilia Foundation: http://www.projectredflag.org/), these technologies, combined with structured information for the Hemostaseome required for automated analysis, have the potential to impact upon a large number of patient groups, far beyond simply advancing our understanding of basic physiological mechanisms.
For the 18,000 US patients with hemophilia, the most severe clinical complication is the formation of antibody inhibitors, which results in a decline in both the length and quality of life and impacts upon 25-33% of these patients. The single strongest predictor of which patients will produce inactivating antibodies (that render their coagulation factor replacement treatment ineVective) is the nature of the speciWc gene mutation they harbor (Astermark et al. 2008; Zhang et al. 2009 ). Routine assessment of individual mutations in these patients could therefore lead to the identiWcation of those patients who should utilize early bypass treatment to avoid the generation of inhibitors. The practical utility of this approach was recently demonstrated by performing genomic sequencing for ten hemophilia A patients, which readily identiWed causal F8 mutations for six of the ten individuals examined (Pelak et al. 2010) .
Millions of patients could also potentially beneWt from low-dose aspirin therapy to prevent cardiovascular disease. Consensus recommendations for the use of aspirin, to prevent myocardial infarction in normal men aged 45-79 years and to prevent ischemic stroke in women aged 55-79 years where the risk of the disease exceeds risk from gastrointestinal bleeding, suggest broad clinical utility where the risk of bleeding is low (US Preventive Services Task Force 2009; WolV et al. 2009 ). However, at present, sensitive tools to stratify patients into high-and low-risk categories are not yet available, even though such tools would allow those likely to experience the greatest beneWt to beneWt from this low-cost therapy. Similarly, utilizing comprehensive individual genome analysis for patient stratiWcation to assess thrombotic risk has the potential to allow the application of eVective therapies to the correct patient class with the aim of preventing cardiovascular disease.
In addition to the broad clinical applicability of this gene set, various additional characteristics make it ideally suited to our purposes: the Hemostaseome is of manageable size since this set currently comprises 109 gene members. The clinical phenotype is also relatively simple (and binary), with polymorphic variants and/or mutations shifting the pathway either in a prothrombotic or an anticoagulant direction, thereby making clinical application simpler. In the vast majority of described cases, patients suVer either unexpected or uncontrolled bleeding or a tendency toward thrombosis, but not usually both (Girolami et al. 2005) . Thus, beginning with the Hemostaseome as a "proof-ofconcept" gene set, we describe the members of the set, the criteria employed to select them and the spectrum of currently understood means through which variations in these genes impact hemostasis to cause human disease.
The necessity of a systems approach
We anticipate that a systems approach to genetic analysis will lead to advances in our understanding of the combinatorial role of hereditary factors in contributing to hemostatic disease. For both thrombotic and bleeding phenotypes, individual variants with signiWcant clinical impact have been identiWed that contribute to disease risk [e.g., factor V Leiden (R506Q) causing activated protein C (APC) resistance ) and prothrombin (G20210A) aVecting mRNA function (Poort et al. 1996) ], whereas a missense mutation Tyr1584Cys (4751A>G) in the von Willebrand factor (VWF) gene has been identiWed in 14.3% of Canadian families with type 1 von Willebrand disease (O'Brien et al. 2003) ; von Willebrand disease is a common bleeding disorder present in nearly 1% of individuals in populations investigated. Although each of the above examples displays a statistically signiWcant association with disease, all are characterized by incomplete penetrance. Conventional genome-wide association (Arellano et al. 2010; Gohil et al. 2009; Lotta 2010; Smith et al. 2009b) and case-control studies (Mannuccio Mannucci et al. 2010; Smith et al. 2009a ) have identiWed many other heritable factors that contribute to an increased risk of thrombosis, but these factors so far only account for 1-10% of the measurable risk (Yang et al. 2007 ). Hence, the true hereditary basis of both thrombotic and bleeding disorders (at least those which do not resolve to one of the characterized single-gene hemophilias) is still largely enigmatic. Although next-generation sequencing and genome-wide association studies have the power to identify variants and mutations that confer substantial risk, these methods provide no information as to which hereditary risk factors in which combinations are likely to result in disease in a speciWc individual.
In diseases for which the genetic basis is complex, phenotypic modiWcation probably occurs in a given individual through the combined action of a spectrum of genetic variants including well-characterized risk factors as well as common and rare variants of lower impact. We propose that the myriad currently known hereditary factors, along with novel mutations that confer disease predisposition, act in various combinations and permutations so as to inXuence the clinical phenotype even though each variant may not individually attain the level of statistical association required to be regarded as an independent risk factor using current epidemiological methods. Nonetheless, we posit that in the presence of multiple variants of low impact, the coagulation pathway could be shifted further toward either the anticoagulant or procoagulant (prothrombotic) end of the hemostatic spectrum. We anticipate that these variants may not achieve standard statistical metrics in population studies, either because their individual contribution is small and current studies are underpowered to determine their impact, or because their expression is also inXuenced by a variety of diVerent environmental factors and hence they do not achieve the required level of statistical signiWcance as independent variables. We nevertheless anticipate that they will each be capable of making a small contribution to disease predisposition. Since the number of such mutations and polymorphisms that can potentially impact upon the hemostatic balance in any given individual is likely to be quite large (see Tables 1, 2 , 3, 4, 5, 6, 7, 8) , the dissection of their contributions in population studies (where the number of possible permutations of variant proWles is going to be very high) will require a range of diVerent analytical methods. We therefore propose that the systems analysis of individual genome sequences will be necessary to tease out the contribution of hereditary factors to thrombotic and bleeding disorders as even for relatively common variants with signiWcant impact (e.g., factor V Leiden), individual expression of thrombotic phenotypes among heterozygous carriers is highly variable (Samama et al. 1995) and double heterozygosity or homozygosity is insuYcient to the task of accounting for a predisposition to recurrent thrombosis . We also anticipate that, even in the presence of multiple prothrombotic variants that would otherwise be expected to result in a procoagulant phenotype (a 'hypercoagulable state'), the simultaneous presence of anticoagulant variants could potentially shift the hemostatic balance back toward equilibrium. Thus, we postulate that the comprehensive genetic analysis of a biological system, such as the Hemostaseome, will have the potential to reveal recognizable patterns of variants that could account for the presence or absence of disease in individual cases once the standard is calibrated by clinical studies. This would then potentiate comprehensive, automated, genome-wide individual studies (GWIS) that could serve to complement the more familiar genome-wide association studies (GWAS), thereby extending a novel and potentially very powerful tool for the assessment of multifactorial inheritance as expressed in an individual genome and correlated with an individual clinical phenotype. Thus, at least for the genes and variants that contribute to the hemostatic balance, we anticipate that the common disease-common variant hypothesis, as well as the common disease-rare variant hypothesis will both apply (see Schork et al. 2009 for review) .
Finally, the necessity of a systems approach derives from the limiting factor in achieving automated analysisthat of developing study annotations from the scientiWc literature. Although DNA sequence and original citation(s) are available through the HGMD ® database, information on study size, clinical signiWcance, laboratory demonstration of functional polymorphisms, replication studies and information on study populations must be developed for each variant. By reducing the focus from an entire genome to a distinct physiological system, this task can be carried out eYciently and then applied to multiple genomes, thereby permitting the automation of larger-scale analyses, with the focus being Wrmly placed on a speciWc biological system.
Genetic mutations, variations and hemostasis
The majority of the genetic variants that inXuence hemostatic and thrombotic phenotypes, which have so far been characterized at the DNA sequence level, comprise single-nucleotide mutations/polymorphisms resulting in missense/nonsense mutations, or small micro-insertions and micro-deletions which serve to disrupt the reading frame. For most of these variants, sequence data, phenotypic annotations and original literature citations are available from the Human Gene Mutation Database (HGMD ® ) in a structured manner that is compatible with automated analysis. However, the large number of variants, 5,692 at the present count (August 2010), identiWed within the genes of the Hemostaseome, precludes manual analysis as a means to compile a comprehensive assessment of variants within an individual genome. At the time of initial assessment, only 188 of these variants were present in dbSNP (http://www.ncbi.nlm.nih.gov/ projects/SNP); hence, to consider variants known to play a role in hemostasis, we utilized the mutation data compiled in HGMD ® . Table 2 for details and citations); estro indicates elevated protein levels ascertained in women taking oral contraceptives; deWc indicates that a human deWciency state has been identiWed, as described in the corresponding OMIM report; mice indicates phenotype described in murine transgenic or knockout models, not in human; CNV copy number variation gain or loss (CG complete gain, CL complete loss, PG partial gain, PL partial loss); PG-2 indicates that two exons are involved; PL-1A indicates that one exon is involved and that this change gives rise to alternatively spliced transcripts (A); HGMD ® Public indicates number of mutation entries listed in the public version of the Human Gene Mutation Database (http:// www.hgmd.org): misnon missense and nonsense mutations combined; reg regulatory mutations; indel insertions, deletions and indels combined; del gross deletions; splicing mutations that impact splice sites; total total mutation number for each gene collated in HGMD ® as of August 2010 Gene The potential impact of copy number variation Although hereditary factors causing hemostatic disease have been described for over 100 years (e.g., hemophilia B in the male descendants of Queen Victoria; Rogaev et al. 2009 ) and their molecular characterization achieved within the past 30 years, it has only been appreciated very recently that copy number variations are a common form of structural variation in individual genomes and should also be considered for their potential to impact upon hemostatic disease . Copy number variations (CNVs) are deWned as DNA sequences greater than 1 kb, the presence of which varies by reduced or increased numbers of copies in a given genome. In some cases, CNVs encompass entire genes or multiple adjacent genes and hence their impact and nature do not diVer much from conventional gross deletions or duplications.
Multiple studies have demonstrated that elevated levels of coagulation factor proteins are associated with thrombosis, whereas their deWciencies contribute to a variety of bleeding disorders. With the report that the factor VIII (F8) gene was duplicated in the genome sequence of J. Craig Venter, as detected by Illumina HumanHap650Y BeadChip arrays (Levy et al. 2007 ), we began to explore whether other genes of the Hemostaseome might also exhibit copy number variations that would result in potentially signiWcant gene duplications or deletions. Given the wide range of protein levels ascertained for the diVerent coagulation factors and related proteins in healthy populations, and the clinical signiWcance of elevated levels of certain proteins that correlate with thrombotic disease, CNVs could represent an important additional heritable element of combinatorial risk for either bleeding or thrombotic disorders, a possibility that is only just beginning to be explored (see Kamstrup 2010 for review; Kraft et al. 1996) . Although 
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CNV status has not been ascertained at the Wne-structural level in most studies (or functionally characterized/fully sequenced at the genomic level) owing to the complexity of assembling sequence reads from multiple gene copies, it is likely that a complete gene gain or loss through CNV has the potential to impact signiWcantly upon coagulation factor protein levels and, by implication, clinical phenotypes. Although the CNVs compiled from the literature have typically not been identiWed in individuals for whom medical records (including coagulation factor activity/antigen levels) are available, the presence of CNVs for so many members of the Hemostaseome gene set (see Tables 1, 2 , 3, 4, 5, 6, 7, 8) suggests that they have the potential to be major contributors to bleeding and thrombotic disorders. Although genome-wide association studies focused on traditional SNP analysis have successfully identiWed heritable factors contributing to increased risk of hematological phenotypes, these factors account for only 1-10% of the measurable risk (Yang et al. 2007) . We propose that the inclusion of CNVs alongside both rare and common factors of low impact, and in combination with presently known independent risk factors that meet rigorous statistical metrics, will allow a more comprehensive description of the hereditary factors, the combined action of which leads to disruption of hemostasis in subjects with clinical disease, thereby potentially helping to resolve the issue of missing heritability (Clarke and Cooper 2010; Eichler et al. 2010; Manolio et al. 2009 ).
The availability of individual whole-genome sequence data and array-based CNV detection on a low-cost basis has now made possible the study of a reasonable number of subjects with extremes of phenotype and multifactorial heritability. Of particular interest would be subjects with recurrent thrombosis or recurrent bleeding whose pathology cannot be attributed to a single-gene mutation. The challenge facing us is therefore our limited ability to analyze the resulting data. By delineating the Hemostaseome, a targeted analysis can be undertaken, which essentially comprises a systems-based, multifactorial, candidate gene sequencing and analysis approach. By reducing the focus of the analysis to the 109 genes that we have selected, the comprehensive analysis of presently known mutations and variants becomes feasible for the automated analysis of tens to hundreds of individual genome sequences. Through review of the literature, the Online Mendelian Inheritance in Man (OMIM) and the Human Gene Mutation Database (HGMD), we describe an initial set of 109 genes that together comprise the Hemostaseome. Online Resource 1 presents the initial selection information utilized to compile this gene set. Online resource 2 provides a detailed narrative considering each gene and discusses evidence from the literature associating each gene with hemostatic disease. In addition, a description is provided for each gene of currently described copy number variants reported from structural studies of individual genomes. Online Resource 3 summarizes data from the literature with speciWc citations demonstrating elevated protein levels of the proteins encoded by these genes and the association of these elevated protein levels with hemostatic disease. This detailed information is summarized in Tables 1, 2 , 3, 4, 5, 6, 7, and 8.
Discussion
We have compiled a set of 109 genes comprising the 'Hemostaseome' that function in a variety of pathways to bring about hemostasis. The majority of these genes have already been linked to hemostatic disease either through association studies, case-control analyses or by sequencing studies of patients with Mendelian disorders. Variants and mutations have been described that also show disease association and for which DNA sequences are available in HGMD ® . Many of these variants and mutations are associated with phenotypes that are inherited in Mendelian fashion, whereas others have been implicated in diseases with complex inheritance (e.g., cardiovascular disease and thrombosis). The compilation of these genes into a cohesive set with attendant genomic information, DNA sequences, literature citations and annotations permits the structured organization of this information, thereby allowing the comprehensive assessment of individual genome sequences for the presence/absence of these disease-associated variants so that the automated assessment of individual genome sequence can be performed rapidly for multiple genomes. This enterprise oVers an opportunity to begin to study, on a larger and more comprehensive scale, diseases with either Mendelian or complex inheritance patterns utilizing individual genome sequence to understand how a constellation of genetic variables contributes to the hemostatic balance in a given individual and to diseases of hemostasis when that balance is lost. This eVort also sets the stage for what will be required, from an information perspective, to fully analyze an individual genome sequence for all diseases and biological systems (including all variants presently characterized) and report this information from within a speciWc disease context. At the time of writing (August 2010), 5,692 distinct mutations and polymorphisms in the 109 genes of the Hemostaseome have been characterized in the research literature and . The distribution of these variations across the genes of the Hemostaseome is annotated in Tables 1, 2 , 3, 4, 5, 6, 7, and 8.
Impact of copy number variation on the genes of the Hemostaseome
Copy number variations have been commonly reported for the members of the Hemostaseome gene set. Full gene gains would be expected to be equivalent to a duplication of the gene and hence, in all likelihood, to have the potential to result in an increase in protein level; we found 12 reported cases of complete gene gains among the set of 109 genes. For many of the genes of the Hemostaseome, elevated protein levels are a well-characterized risk factor for thrombosis or cardiovascular disease. Thus, in principle, either regulatory mutations or complete gene gains could underlie the heritable elevation of protein levels. For partial-gene gain copy number variations, the impact of which is more diYcult to predict, we also found reported 12 examples. A recent report of a partial duplication of PROS1 associated with a disease-associated deWciency phenotype (Pintao et al. 2009 ) suggests that partial duplication can constitute a signiWcant mutational mechanism. Complete gene loss copy number variations were also common with 20 genes of the Hemostaseome exhibiting complete loss CNVs; these variants would be expected to be identical to deWciencies in terms of their consequent phenotypes. For the majority of these genes, a signiWcant deWciency phenotype associated with disease has been characterized, either in human patients or in knockout mouse models. Thus, it is likely that complete gene loss would result in a clinically overt protein deWciency from the aVected allele. Finally, partial-gene loss copy number variations were also found to be common, with 12 genes showing partial loss involving at least one exon. In such cases, these variants would also be likely to result in a deWciency phenotype depending on the number and relative positions of exons that are deleted.
Thus, from this analysis, we conclude that copy number variations for the gene set comprising the Hemostaseome are not infrequent occurrences: indeed, on the basis of these recent studies, 45 of 109 (41.3%) gene members of the Hemostaseome have been found to exhibit copy number variations and these studies have typically screened apparently healthy individuals (speciWc examples are noted in Tables 1, 2 , 3, 4, 5, 6, 7, 8) . This is signiWcantly higher than the 12% of genes in OMIM TM that overlap with validated CNVs (as observed by Conrad et al. 2010) . These results are corroborated by HGMD ® gross deletion data (Tables 1,  2 , 3, 4, 5, 6, 7, 8 del); 31 of 109 (28.4%) genes of the Hemostaseome have disease-associated gross deletions described (see HGMD ® mutation data for individual citations). Thus, it is clear that gross structural variations involving the genes of the Hemostaseome are not infrequent occurrences. Indeed, they have the potential to exert a very signiWcant inXuence on hemostatic phenotypes and hence should, in the future, be routinely assessed in comprehensive studies investigating genetic factors contributing to hemostatic diseases.
At present, our understanding of the impact of copy number variations with regard to disease association is fairly rudimentary. High-resolution breakpoint mapping is a prerequisite for the accurate assessment of CNV size, the identiWcation of the genes and associated regulatory elements aVected, and hence for the determination of the consequences of copy number variation for gene expression and the phenotypic sequelae (Beckmann et al. 2008; de Smith et al. 2008 ). Fewer than 10% of known germline CNVs have been mapped to the single-nucleotide level ). Owing to the complexity of genome assembly, we cannot usually make inferences about the likely consequences for gene expression from a duplication CNV, the precise chromosomal localization of which is unknown (as is the case for CNV gains detected in array studies). Even where array data span the entire gene and are suggestive of a complete duplication, inactivating mutations may well be present and the gene may therefore not be expressed. Alternatively, as recently demonstrated in the dog, copy number variation duplications can be due to retrotransposition of an mRNA rather than simple genomic duplication; in the cited case, the copy number variation involved the Wbroblast growth factor 4 gene (Fgf4) and was caused by a retrotransposition event that gave rise to chondrodysplasia in various domestic dog breeds. The retrotransposed gene was shown to be expressed, resulting in a dominant dwarWsm phenotype present in all dwarf breeds tested (Parker et al. 2009 ). That such mutational mechanisms occur in humans was conWrmed by Conrad et al. (2010) , who demonstrated retrotransposition to be a common mechanism generating CNV duplications that are consequently dispersed in the genome. Although the identiWcation of the presence of a CNV gain is readily accomplished with array studies, localizing the duplicated genetic material and determining its integrity have not been carried out in the majority of copy number variation studies completed to date. Thus, in most cases, the true impact of CNVs on gene/protein expression remains unknown. However, as illustrated by the examples noted above, CNV variants have the potential to account for signiWcant (and heritable) impact that remains to be explored in the context of patients with a bleeding diathesis or thrombotic disease. Initial eVorts have led to conWrmation for such an approach. In Quebec platelet disorder (which causes a bleeding diathesis), a tandem duplication of PLAU is the likely causal mutation (Paterson et al. 2010) . For deWciency of PROS1, a prothrombotic condition, both duplication and deletion CNVs are identiWed in point mutation-negative PROS1 deWciency patients as the causal mutations (Pintao et al. 2009 ). Finally, expansion of Kringle IV domains through partial CNV in LPA (van der Hoek et al. 1993 ) is associated with a reduced risk of ischemic heart disease (Clarke et al. 2009 ; reviewed by Kamstrup 2010) indicating a positive attribute associated with an intragenic, partial CNV.
Further support for the importance of structural variation comes from studies that correlate the presence of CNV and gene expression levels with the Wnding that duplications and deletions have distinguishable expression ratios; Stranger et al. (2007) showed that 17.7% of gene expression variance was attributable to CNVs. Lockwood et al. (2008) integrated parallel gene expression proWles with array comparative genomic hybridization data for genes within ampliWcation hotspots in 27 NSCLC cell lines and showed that approximately 50% of the ampliWed genes were expressed at a signiWcantly higher level as a consequence of the increased dosage. Schuster-Bockler et al. (2010) replicated those Wndings, associating expression levels with the presence of CNVs reported in earlier studies but observing a more continuous distribution of expression levels rather than the 0.5, 1.0 and 1.5 ratios expected per copy number increase. Thus, there is already compelling evidence that CNVs inXuence clinical phenotypes as well as contributing to diVerences in gene expression. However, as stated earlier, for most studies conducted, breakpoint deWnition and detailed delineation of the variant at the DNA sequence level have not been performed and follow-up studies indicate that the actual CNV size may be smaller than originally reported-as found when higher-deWnition arrays are utilized in replication studies (Perry et al. 2008) . Nonetheless, the presence of the CNVs is generally replicable; what remains to be delineated is the exact size and speciWc overlap with genes at the nucleotide sequence level. The studies completed to date are consistent with the view that the gene members of the Hemostaseome exhibit a greater number of overlapping CNVs than is typical for the genome as a whole, and that these variations oVer the potential to lend further understanding to the still largely enigmatic hereditary basis of hemostasis and thrombosis.
Combinatorial impact of hemostatic variants
Given the large number of genes in which mutations that result in hemostatic disease can occur, the substantial numbers of conventional mutations and variations characterized to date, and taking copy number variation into consideration, it is likely that individuals with hereditary thrombophilia or a bleeding diathesis will demonstrate a complex spectrum of variations in their genome sequence. It has already been demonstrated that the risk of venous thromboembolism (VTE) is increased in patients who carry more than one genetic variant disrupting genes of the Hemostaseome. In one study, 19% of symptomatic individuals harboring a protein C (PROC) gene mutation were also heterozygous for factor V Leiden . In a replication study, 9.5% of symptomatic patients were found to carry both mutations (Gandrille et al. 1995) . Similar Wndings were made in families with protein S (PROS1) deWciency; among symptomatic individuals, 38% also carried the factor V Leiden mutation (Koeleman et al. 1995) . In a larger-scale study involving 132 thrombophilic families, the risk of thrombosis was increased and the age of onset was lower in cases where co-heterozygosity for two gene variants was observed (combinations of variants in PROC, PROS1, F5 and F2) over that recorded for individuals carrying single variants of these genes (Tirado et al. 2001 ). In another study in which multiple thrombophilic factors were investigated, there was a trend for multiple thrombophilic factors to be associated with adverse pregnancy outcomes (Larciprete et al. 2010 ) with speciWc combinations showing a higher association with speciWc outcomes (e.g., MTHFR C677T and PAI-1 5G/5G, SER-PINE1, associated with intrauterine demise). In a case study where three family members exhibited overt thrombosis (mesenteric-vein, ileo-femoral and deep-vein thrombosis), multiple members were found to be co-heterozygous for factor V Leiden, the factor II G20210 mutation and a protein S deWciency (Gonzalez et al. 2003) . For case studies of thrombophilia in infancy, Wve subjects were found to be heterozygous for both factor V Leiden and a methylenetetrahydrofolatereductase (MTHFR) variant while two cases were heterozygous for both factor V Leiden and a factor II variant (Koren et al. 2003) . These patients had experienced either cerebrovascular events or thrombosis associated with femoral catheterization. In an additional family study, antithrombin deWciency (SERPINC1), factor V Leiden and hyperhomocysteinemia (MTHFR) contributed to thrombosis among diVerent family members (Gemmati et al. 1998) . Finally, a family study in which the proband died perinatally due to bilateral renal vein thrombosis as well as thrombosis in the major cerebral veins demonstrated that (i) both protein S and protein C deWciencies were transmitted from the parents and (ii) the proband was heterozygous for a protein C deWciency and compound heterozygote for two distinct protein S (PROS1) mutations (Formstone et al. 1996) . A second pregnancy was shown to exhibit only isolated protein C deWciency and hence resulted in term delivery without the complication of venous thrombosis. Although prenatal diagnosis was undertaken to permit direct mutation detection in a third pregnancy, this infant also developed renal thrombosis in utero, although it harbored only the paternal PROS1 and PROC mutations. Thrombosis in the third infant was considered by the authors to be due to the presence of unknown additional variants or due to a 'hypercoagulable' maternal environment.
Although such case studies provide strong circumstantial support for the combinatorial impact of multiple mutations in thrombotic disease (Corral et al. 1999; De Stefano et al. 1999; Gonzalez Ordonez et al. 1999 ), ultimately they do not address the full repertoire of variations in aVected individuals as they query only a small number of the most common variants. In addition, they do not identify individuals in whom the same variants are present without the manifestation of disease. It is likely that a large number of currently characterized thrombophilic variants act combinatorially to eVect disease. This postulate is supported by additional reports that characterize the involvement of other genes. For example, co-heterozygosity for heparin cofactor II (SERPIND1) and factor V Leiden or protein C deWciency was observed in subjects who experienced juvenile thromboembolic episodes (Bernardi et al. 1996) , as well as in other families with thrombosis tested for these variants (Lane et al. 1996; Sansores-Garcia and Majluf-Cruz 1998) . Two sisters in one family study were found to be homozygous for a factor XII deWciency-associated mutation (F12) and heterozygous for factor V Leiden; one sister exhibited multiple thrombotic events, whereas the other was asymptomatic (Girolami et al. 2010 ) suggesting that there is signiWcantly greater complexity underlying disease predisposition than just the presence of two or three variants. Finally, the risk of cardiovascular disease was increased signiWcantly in the presence of both decreased ADAMTS13 protein levels and elevated VWF protein levels above that contributed by either change alone (Bongers et al. 2009 ). Thus, there is already compelling evidence to support the view that multiple hereditary factors can lead to a substantial increase in the risk of hemostatic disease. Hence, assessing the full repertoire of variants present in individual genomes is likely to greatly clarify our understanding of disease predisposition in individual cases.
It should also be appreciated that the close physical proximity of some members of the Hemostaseome can contribute to the potential for contiguous gene disruption. Indeed, two of the CNV loss variants described involve pairs of adjacent hemostatic genes. Thus, for the 13q34 CNV loss reported by Wong et al. (2007) , both F7 and F10 were deleted, whereas for the 1q24.2 CNV loss reported by Conrad et al. (2010) , both F5 and SELP were deleted. At present, the clinical impact of these variants is unknown as they were identiWed in apparently healthy volunteer subjects. However, CNVs that involve adjacent genes oVer an additional mechanism through which multiple variants can be transmitted and can contribute to disease, or could potentially compensate for other thrombotic variants.
Given the diYculty of assessing multiple mutations/variants in a large number of genes without genomic approaches, the new advanced sequencing technologies oVer the potential to carefully interrogate a large swathe of the genome for potentially interacting mutations. Given the likelihood that recurrent thrombosis will be associated with a greater burden of genetic risk, our emerging ability to identify patients at highest risk, who would beneWt maximally from extended anticoagulant therapy, oVers the possibility to carefully stratify patients across risk/beneWt categories. In addition to additive or synergistic hereditary risk factors, the potential also exists to establish the presence of compensatory mutations; for example, the simultaneous presence of deWciencies for coagulation factors could potentially reduce the risk of thrombosis, a possibility that has not yet been fully explored. In support of this possibility is a preliminary report by Salomon et al. (2011) , which noted that patients with severe factor XI (F11) deWciency exhibited a reduced incidence of deep-vein thrombosis. In addition, meta-analysis of the evidence supporting a protective role for the factor XIII Val34Leu variant revealed a small but signiWcant protective eVect associated with reduced occurrence of VTE (Wells et al. 2006 ). This does not, however, appear to be generally the case for variants that cause bleeding disorders. For example, factor VII (F7) deWciency does not appear to protect against thrombosis in those with other prothrombotic variants (Astermark et al. 2001; Mariani et al. 2003 ) and a case report of the occurrence of venous thrombosis in a woman with HermanskyPudlak syndrome following cardiac catherization (preceded by DDVAP treatment to correct abnormal bleeding) suggests that thrombotic risk may remain in patients with bleeding disorders (Katz and Shani 2005) . Therefore, compensatory variants, if they exist, will in all likelihood exert their eVect only in very speciWc combinations. However, given the present state of the study of combinatorial risk for thrombosis with the presence of two or more variants substantially increasing the risk of disease, we can presently envisage the potential value of more comprehensive individual genetic health assessment for the genes of the Hemostaseome in assessing risk and for developing an individual treatment plan for patients with thrombosis or a bleeding diathesis based on an understanding of the integrity of their individual hemostatic pathways.
A Wnal enigma can be addressed by comprehensive assessment of variants in the genes of the Hemostaseome. Although statistically signiWcant metrics have demonstrated disease association for the aforementioned variants associated with thrombotic disease, elevation of risk for each variant is individually low and incomplete penetrance is observed for all prothrombotic variants. This means that the vast majority of individuals bearing these variants do not suVer from thrombotic disease. We anticipate, however, that individuals with recurrent thrombosis will tend to have a greater number of prothrombotic variants whereas those who have experienced a single thrombotic event will have signiWcantly fewer variants, while those who have never experienced thrombosis will harbor even fewer prothrombotic variants. Because the number of genes that can have an impact on hemostasis is large and the number of variants with potential impact is larger still, we expect that a large number of diVerent variant combinations and permutations will manifest signiWcant disease association. This genetic risk will underlie each prothrombotic challenge (such as pregnancy, long haul air travel and immobilization after surgery) with a greater risk of thrombosis occurring in those with a greater number of prothrombotic variants in their genome. We also anticipate that where multiple variants impact the same point in a pathway, gene interactions may well be synergistic rather than additive.
At present, anticoagulant therapies are eVective but exact a signiWcant cost and burden from patients who must submit to routine management including frequent blood testing while not being able to avoid the occurrence of signiWcant adverse events, such as episodes of uncontrolled bleeding. In a recent meta-analysis, Iorio et al. (2010) showed that the highest risk of recurrence of VTE occurred in patients in whom the Wrst thrombotic event was unprovoked by surgery or other transient factors. Annual rates of reoccurrence of VTE for surgical patients were 0.7% per year, 3.3% for patients with transient factors, and 7.4% for unprovoked VTE. Similar Wndings were reported by Christiansen et al. (2010) , who also conWrmed a higher risk of recurrence among men than women. Although D-dimer assessment post-anticoagulation treatment stratiWes those patients with higher risk of recurrence (positive for D-dimer: 8.8% recurrence per 100 patient years) from those with a lower risk (negative for D-dimer: 3.7% recurrence per 100 patient years; Douketis et al. 2010) , it does not, however, clearly distinguish those patients who should continue indeWnite anticoagulant treatment from those who should be able to discontinue anticoagulation after a Wnite treatment period. Comprehensive assessment of genetic predisposing factors among patients with unprovoked VTE oVers the potential to identify those at greatest risk of reoccurrence for whom continued prophylactic anticoagulant treatment could be lifesaving. Among this subgroup, it would also be beneWcial to identify those at lowest risk in whom treatment can be discontinued after 3 months. Thus, comprehensive genetic assessment oVers the potential to stratify patients among this highest-risk group. To achieve this goal, a large-scale study would need to be undertaken in which the full spectrum of hemostatic variants are assessed and compared to control groups, e.g., those individuals who have never experienced thrombosis despite hemostatic challenge or those who have experienced a single event followed by subsequent years without reoccurrence. Such studies have the potential to establish and distinguish the highest-risk genotypes.
A case can be made for the future clinical utility of this approach. Testing variants in two genes associated with warfarin response has been demonstrated to reduce hospitalization rates during the dose-establishing Wrst 6 months of treatment (Epstein et al. 2010 ) and the genes tested account for only 30% of the variance in warfarin response. Presumably, accounting for the remaining 70% would enhance this initial and very promising success. Population studies have consistently shown signiWcant risk attributable to speciWc hemostatic variants, but the goal of developing informative diagnostic tests has remained elusive. Metaanalysis has conWrmed a signiWcant role for many gene members of the Hemostaseome in venous thrombosis (Austin et al. 2011; Castaman et al. 2003; Gohil et al. 2009 ), but there is still no comprehensive testing panel available clinically. Meta-analysis of recurrent thrombosis in children has conWrmed increased risk associated with deWciencies of protein C, protein S, antithrombin, the factor II variant and more than two genetic traits (Young et al. 2008) . However, <10% of children with VTE test positive for these speciWc mutations, suggesting that those with unprovoked VTE probably harbor other mutations. With the prospect of greatly reduced sequencing costs and the potential for automated analysis, the tools are on the near horizon with which to determine the basis of genetic susceptibility to diseases such as thrombosis that exhibit complex inheritance. The observation that unprovoked thrombosis has the highest recurrence rates suggests that these individuals bear the greatest genetic burden of risk; this postulate can now be investigated directly, accurately and comprehensively using genomic sequencing. Meta-analysis of 66,155 cases of coronary disease found that the factor V Leiden and prothrombin 20210A variants were moderately associated with risk of disease (Ye et al. 2006) . Meta-analysis of low levels of protein Z showed signiWcant association with arterial vascular diseases, while subgroup analysis revealed eVects for pregnancy complications and venous thromboembolic disease (SoW et al. 2010) . Although meta-analysis of incidence of hemostatic variants in 24 genes replicated only the factor V Leiden association with venous thrombosis (Smith et al. 2009b) , assessing only speciWc SNPs would be expected to under-report the true number of variants occurring in these genes in cases. Meta-analysis of 126,525 cases of VTE showed statistically signiWcant associations with VTE for two factor V (F5) variants, two prothrombin (F2) variants, a single alpha-Wbrinogen (FGA) variant and a regulatory mutation in PAI-1 (SERPINE1); protective eVects were found for the factor XIII (F13) Val34Leu and beta-Wbrinogen (FGB) 455 G/A (Gohil et al. 2009 ). Meta-analysis of increased levels of LP(a) and reduced copy number was signiWcantly associated with risk of coronary disease (Clarke et al. 2009 ). Thus, the beneWt to be potentially derived from case-control studies where the entire spectrum of hemostatic variants can be interrogated simultaneously oVers the promise of novel, highly multiplexed diagnostic testing. Given that thrombosis in children is frequently associated with cancer, autoimmune disease, congenital heart disease and the placement of intravenous lines, diagnostic screening tools can be utilized to monitor such high-risk children. Such tools then can also be applied in adult patients with elevated risk (family history, prior thrombotic event) to personalize their care.
Thrombosis is not the only potential arena for such diagnostic testing. Even for single-gene bleeding disorders, the genotype-phenotype relationship is not always clear. Among patients with von Willebrand disease, 1.5% were found to harbor multiple coagulopathies requiring diVerent treatment strategies (Asatiani and Kessler 2007) ; secondary sites included at least seven diVerent genes among these patients. Apparently, variations in the factor VII (F7) gene can ameliorate the phenotype in severe hemophilia (A/B) resulting in a milder phenotype (Jayandharan et al. 2009 ).
Taken together, our survey of characterized mutations and polymorphic variants that impact upon hemostasis, combined with an assessment of copy number variation, suggests that the essential information needed to comprehensively delineate a matrix of variants that corresponds to the genetic factors underlying hemostatic disease in an individual genome can be fairly readily compiled and should be amenable to automated analysis. Hemostasis is an exquisitely balanced biological system with multiple, independent pathways responsible for activation and a myriad of regulators that constrain coagulation activity only to sites of vascular damage; in addition, a suite of metabolic processes underpins its action. Thus, with over 100 underlying genes, individuals with hemostatic diseases will exhibit a complex proWle of deleterious mutations and variants that can together tip the hemostatic balance in either a prothrombotic or anticoagulant direction. We predict that the system as a whole is likely to be able to tolerate a signiWcant degree of perturbation before disease manifests due to the depth of cross-regulation. Further, individuals with hemostatic disease are likely to harbor a signiWcant number of variants that act in concert thereby contributing to disease manifestation. Even for those diseases attributed to single-gene heredity (e.g., the hemophilias and von Willebrand disease), the severity, clinical course and response to treatment will all be inXuenced by other variants (Asatiani and Kessler 2007; Berg et al. 1994; Ghosh et al. 2001) ; in cases of hemophilia where thrombotic variants are also present, thrombosis can result from treatment designed to control bleeding (Nowak-Gottl et al. 2003) . We anticipate that the clinical application of "omics" technologies such as assessment of individual genome sequences (and perhaps also serum proteomes) are on the near horizon for medically important targets such as the Hemostaseome and that the application of these technologies on an individual basis will inform patient stratiWcation and allow personalized treatment for a variety of hemostatic disorders.
Recent studies that associate predisposition for type 1 diabetes and an anti-viral gene expression network conWrm that linking biological systems, including related pathways, with genetic variation provides a powerful framework within which diseases with a complex hereditary basis can be investigated (Heinig et al. 2010) . Other studies support our thesis that a broad range of gene variants ought to be considered to fully explore the hereditary basis of complex disease. In a recent analysis of the quantitative trait of adult height using genome-wide association methods and metaanalysis, Lango Allen et al. (2010) estimated that variation at 697 diVerent genetic loci contribute to 19.6% of height variability. Although genome-wide association studies can identify variants associated with diseases exhibiting complex inheritance, these methods cannot provide information about the factors whose combined eVects in an individual create a foundation for disease. By delineating the genes involved in the biological system that comprises hemostasis, we are now poised to investigate the full repertoire of genes and variants that predispose to hemostatic disease in aVected individuals. This notwithstanding, until such a time as we have the capability to fully interpret a complete individual human genome sequence with automated methods, we should simply delineate the critical components of discrete biological systems such as the Hemostaseome and then develop the requisite computational methods and knowledge base to support automated analysis of this important subset of the human genome.
Rapid progress is occurring in the application of NGS technologies for the identiWcation of causal mutations underlying diseases that exhibit Mendelian inheritance (Lalonde et al. 2010; Ng et al. 2010a, b) . Indeed, a selected gene set has recently been employed to screen for heritable alterations in eye diseases. However, even in this report where 46 candidate genes were speciWcally screened (and Wve mutations were identiWed) in 21 families with autosomal dominant retinitis pigmentosa, the mutations identiWed were single-gene alterations, the impact of which on their own may be regarded as causal (Bowne et al. 2011) . In diseases with Mendelian inheritance, we understand that a single mutation (or a single mutation with modiWers that can recalibrate the phenotype slightly, up or down) is the causal basis for disease. In diseases that exhibit complex inheritance, however, we have typically considered only a genetic predisposition underlying these diseases, because many people carry mutations that are identiWed as signiWcant risk factors but which are insuYcient for disease to develop. Given the observation that these alterations appear to be associated with disease but are not necessarily causal, we have not discerned what may be, in fact, the same underlying causality. Recent advances in network analysis suggest that the genetic basis of diseases that exhibit complex inheritance is also causal (Schadt 2009 ). This causality has been masked by the way we currently study disease inheritance in large populations, as these studies do not distinguish between individuals based upon their levels of functional impairment. Clearly, with Mendelian disease, suYcient impairment of a functional pathway occurs as a consequence of a single mutation resulting in disease. We now believe that individuals who manifest diseases with complex inheritance also have suYcient pathway impairment to directly cause disease; however, in these cases, impairment may arise via the additive or synergistic eVect of many mutations. Thus, in diseases with complex inheritance, this threshold of impairment of pathway function has also been crossed, but through the combined action of many mutations. In individuals who harbor only a subset of these mutations, the requisite damage required for disease to manifest does not occur, or does so only with the addition of contributing environmental factors. This new view of complex inheritance suggests that comprehensive genetic analysis of pathways that underlie disease processes will permit the development of speciWc assessment methods to distinguish individuals with the greatest impairment from those with lesser levels permitting the stratiWcation of patients for diagnosis, prognosis and treatment. The Wrst requirement is to select a suitable gene set to initiate studies to examine this possibility for the diseases of hemostasis; we have achieved this in our work to prepare this review. Producing the Wnal list of deWnitive members of the Hemostaseome will require a process of triangulation; Wrst an inclusive selection must be made from the entire genome which can then be studied and reWned, with additions and removals, until a consensus is achieved and the set of contributing members is fully demonstrated. The test set we propose in this paper can now be employed as the foundation for analyses that test multiple individual genome sequences obtained from cases and controls to determine if variations are assessed comprehensively, and whether complex proWles can provide an accurate diagnosis. We have shown in this report that such a comprehensive analysis will require careful assessment of conventional mutations, functional polymorphisms and copy number variations. We must be able to rapidly identify both novel and previously characterized variations in the genomes we plan to examine. Our understanding of how biological pathways are compromised or impaired in diseases with Mendelian inheritance now establishes the framework within which we can view the level of impairment occurring in pathways of diseases with complex inheritance. We expect that individuals who carry a subset of hemostatic variants but who do not demonstrate disease will be below some notional threshold of pathway impairment that their symptomatic relatives exceed. We anticipate that the new NGS sequencing and array hybridization platforms combined with novel automated analysis tools will result in a fundamental shift in how we understand diseases with complex inheritance and that the Hemostaseome represents an excellent test system for exploration of this concept. Should this new view of the basis of complex inheritance turn out to be correct, novel diagnostic methods will emanate from this study that could potentially beneWt a very large number of patients who suVer from diseases of hemostasis and whose care would consequently be personalized.
